Million atom molecular-dynamics simulations are performed to investigate the structure, dynamics, and mechanical behavior of cluster-assembled Si 3 N 4 . These solids contain highly disordered interfacial regions with 50% undercoordinated atoms. Systems sintered at low pressures have percolating pores whose surface morphologies are well characterized by two values of the roughness exponent, 0. 46 and 0.86; In recent years a great deal of progress has been made in synthesizing a wide variety of metals, alloys, and ceramics containing ultrafine microstructures in the range of a few nanometers [1] [2] [3] . The synthesis of these materials involves the generation and sintering of nanometer size clusters. Generally speaking, the physical properties of nanophase solids are superior to those of ordinary coarse-grained materials. For example, it has been found that nanophase metals are stronger and nanophase ceramics are more ductile than conventional metals and ceramics with the same constituents. While it has been speculated that these improvements are caused by the unusual structural characteristics of interfacial regions [2] , there is very little quantitative understanding about the interfacial structure or its influence on physical properties of nanophase materials. Experiments have yet to provide information about the morphology of pores or the structure and dynamics of atoms in interfacial regions of nanophase materials. As far as modeling is concerned, to date there is very little work done on nanophase materials [4] . (This is due to the fact that atomistic simulations are computationally very demanding: A realistic simulation of a nanophase solid may require ϳ10 6 atoms since each nanocluster itself consists of several thousand atoms.)
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In this Letter we report the results of large scale (up to 1 085 616 atoms) molecular-dynamics (MD) simulations of nanocluster-assembled silicon nitride. (Being an excellent high-temperature ceramic, Si 3 N 4 is used in turbine engines, ball bearings, pressure sensors, and microelectronic devices.) We have investigated the structure and dynamics of atoms in interfacial regions, the distribution and morphology of pores, and the effect of consolidation on mechanical properties. The MD simulations are performed with effective two-and three-body interatomic potentials [5] . The two-body terms consist of steric repulsion among atoms, a charge-dipole interaction that takes into account the large electronic polarizability of nitrogen, and a screened Coulomb interaction due to charge transfer between Si and N. Three-body interactions take into account covalent effects through bond-bending and bond-stretching terms. To establish the validity of the interaction scheme, we compare the MD results with a variety of experimental measurements. We find the following: (i) The bond lengths and bond-angle distributions in crystalline and amorphous Si 3 N 4 are in excellent agreement with experiments [6] , (ii) the positions and relative heights of the peaks in the static structure factor for amorphous Si 3 N 4 are in good agreement with neutron scattering measurements [7] , (iii) the phonon density of states of crystalline a-Si 3 N 4 agrees well with inelastic neutron scattering experiments [6] , (iv) the specific heat of crystalline a-Si 3 N 4 is in excellent agreement with experiments over a wide range of temperatures [8] , and (v) the bulk modulus and Young's modulus along different directions in a-Si 3 N 4 deviate less than 10% from the experimental values [9] .
The nanophase Si 3 N 4 systems we have simulated involve either 1 085 616 or 129 920 atoms. In the first case the initial configuration consists of 108 clusters of diameter 60 Å [10] , positioned randomly in a cubic box of length 288.49 Å (mass density 1.0 g͞cc); the second system has 32 random clusters of diameter 45 Å. In both cases periodic boundary conditions are imposed and the equations of motion are integrated with the reversible multiple time-scale algorithm [11] . Using the variableshape MD approach [12] , we first thermalize the millionparticle system at zero pressure and 2000 K for 40 ps (the MD time step is 2 fs). Subsequently this system is sintered at 2000 K under an external pressure of 1 GPa. The pressure is then increased to 5 GPa and the system is again well thermalized at 2000 K. The system is further consolidated at 2000 K by increasing the external pressure to 10 and then 15 GPa. Subsequently the systems at 1, 5, and 15 GPa are cooled to 1500, 1000, 700, and 300 K. At each temperature and pressure, 0031-9007͞97͞78(4)͞689(4)$10.00we thermalize the system for several thousand time steps. After reaching the room temperature, we gradually remove the pressure (this causes only a small decrease in the mass density). The final mass densities of the three systems, corresponding to pressures of 1, 5, and 15 GPa, are 2.24, 2.67, and 2.94 g͞cc. Using similar heating and cooling schedules, we have obtained four other systems in which the constituent clusters are 45 Å in diameter. The average mass densities of these systems are 2.28, 2.64, 2.84, and 2.95 g͞cc (corresponding to external pressures of 1, 5, 10, and 15 GPa). Figure 1 shows the spatial distribution of pores in two systems (with 60 Å nanoclusters) at room temperature. The color plots are obtained by dividing the MD box into small voxels (size 5.5 Å) and then identifying empty voxels. The figure shows that the nanophase system with an average mass density of 2.24 g͞cc has a large number of pores (shown in red), including a percolating pore. The system at 2.94 g͞cc has mostly high-density regions (denoted by the black background, they have the same density as the a-crystal) and small isolated pores.
To investigate the morphology of the percolating pore in the nanophase system at 2.24 g͞cc, we calculate the height-height correlation function, G͑s͒,
(1) The results, shown in Fig. 2(a) , are best fitted with the power law G͑s͒ ϳ s z and two values of the exponent z -0.46 below a certain cross-over length ͑ϳ12 Å͒ and 0.86 above the cross-over length.
The morphology of the percolating pore in nanophase Si 3 N 4 is very similar to that of fracture surfaces. The latter has drawn a great deal of attention in recent years. Recent experiments [13, 14] have shown that fracture surfaces are self-affine, i.e., the height-height correlation function for fracture surfaces scales as s z . For a variety   FIG. 1(color) . Snapshots of pores (magenta) in 60 Å -thick slices of the 1 085 616-particle nanophase system at mass densities 2.24 and 2.94 g͞cc.
of brittle and ductile materials, the value of the roughness exponent z is found to be close to 0.8. This observation has led to the conjecture that z has a "universal" value, independent of the material or the mode of fracture (Måløy et al., Ref. [13] ). Recently Bouchaud and coworkers [15] carefully measured the roughness of fracture surfaces over a wide range of length scales. They find that the best fit to the data requires two roughness exponents-0.45 below a certain cross-over length and 0.84 above the cross-over length [9] . We have also investigated the crack-front morphology in fractured nanophase Si 3 N 4 .
The results for the height-height correlation function, shown in the inset in Fig. 2(a) , also obey the power-law relation G͑s͒ ϳ s z where z is 0.5 below a certain crossover length and 0.8 above the cross-over length.
We have also determined other structural characteristics of pores: the average radius, surface area, volume, and size distribution. These quantities are calculated by dividing the MD box into small voxels and then identifying pores by grouping contigous empty voxels. The volume of a pore is simply the sum of the volumes of the empty voxels, and its surface area is the total area of all the faces which separate empty voxels on the pore surface from adjoining occupied voxels. The average pore radius is calculated from where r c is the pore center and ͕r i ͖ are the centers of voxels on the pore surface. In Fig. 2(b) we have plotted R as a function of the average pore volume, V, on a loglog scale. For all the nanophase Si 3 N 4 systems we have studied, the radius R scales as V m with m 0.49 6 0.02 and the fractal dimension, d 1͞m 1.98 6 0.17 [16] . We have also investigated in detail the structure of interfacial regions in nanophase Si 3 N 4 . Figure 3(a) shows Si-N pair-distribution function for particles inside the nanoclusters ͑g Si-N . The inset in Fig. 3(a) shows that the height of the first peak in g (dashed lines). Clearly the latter are much broader and have smaller peaks than the distributions for the crystalline configuration. Thus, from partial pair-distribution functions and bond-angle distributions it is evident that interfacial regions in nanophase Si 3 N 4 are highly disordered. Atomic mean-square displacements indicate that atoms in interfacial regions are diffusing at 2000 K [17] , which appears to be the primary mechanism of consolidation in nanophase Si 3 N 4 . Experiments indicate that this may be the dominant consolidation mechanism in other nanophase solids as well [2] .
We have also investigated the effect of consolidation on elastic moduli of nanophase Si 3 N 4 . Figure 5 shows the porosity dependence of the bulk modulus, K, and the shear modulus, G. The open circles are the MD results for the bulk modulus of the three nanophase systems with 60 Å clusters; the open triangles and squares are the bulk and shear moduli, respectively, of systems with 45 Å clusters. The dependence of elastic moduli on porosity and cluster size can be understood in terms of a multicomponent model for heterogeneous materials [18] . According to this model, the bulk and shear moduli of a heterogeneous material are given by
where n is the number of phases and c i , K i , and G i are their concentrations and bulk and shear moduli, respectively. The quantities a and b are related to the Poisson's ratio, n, which in turn is determined by K and G,
(4) In our nanophase systems we have three phases-pores, the interior crystalline regions of nanoclusters, and amorphous interfacial regions. The pore concentration, c 1 , is the ratio of the pore volume to the total volume of the nanophase system; the concentration, c 2 , is obtained from the effective volume of the crystalline part of nanoclusters; and the concentration of amorphous interfacial regions is determined from the condition, c 1 1 c 2 1 c 3 1. The bulk and shear moduli of individual phases are obtained from MD calculations for the a-crystal and the amorphous Si 3 N 4 system (note, K 1 G 1 0͒: For the a-crystal [9] we obtain K 2 289 GPa and G 2 145 GPa (this is an average over different directions); for the amorphous system we find K 3 181 GPa and G 3 109 GPa. Using these values of elastic moduli we solve Eqs. (3) and (4) for K and G [19] , and in Fig. 5 we show these results by solid circles (K), triangles (K), and squares (G). Clearly this three-phase model can successfully explain the MD results for the porosity dependence of elastic moduli. It also provides a simple explanation for the influence of the size of nanoclusters on elastic moduli. A nanophase solid with smaller clusters has a higher concentration of amorphous interfacial regions than a system with larger clusters because of greater surface-to-volume ratio. Since the elastic moduli of amorphous Si 3 N 4 are smaller than those for the a-crystal, the nanophase system with smaller clusters ͑D 45 Å͒ will be less stiff than a nanophase system with larger clusters ͑D 60 Å͒.
In conclusion, large-scale MD simulations of nanophase Si 3 N 4 reveal the following: (i) Interfacial regions are amorphous and have 50% undercoordinated Si atoms, (ii) the fractal dimension of pores, d 1.98 6 0.17, at all densities, (iii) systems sintered at low pressures (ϳ1 GPa) have percolating pores whose surface roughness exponents (0.46 and 0.86) are in excellent agreement with experiments [15] , and (iv) the dependence of elastic moduli on porosity and grain size can be understood in terms of a three-phase model for heterogeneous materials [18] . This work was supported by DOE (Grant No. DE-FG05-92ER45477), NSF (Grant No. DMR-9412965), AFOSR (Grant No. F 49620-94-1-0444), and the Louisiana Education Quality Support Fund.
